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Abstract 
Based on near-surface temperature measurements conducted at high temporal resolution in 16 Scottish lochs in 2001, a 
strong seasonal cycle was observed in the magnitude of the diel surface temperature range (DSTR). The influence of 5 
site-specific potential predictor variables including altitude, latitude, longitude, lake surface area, and maximum lake 
depth on the timing of the start and end of a statistically significant DSTR was investigated. The DSTR is important 
because it is expected to have implications for many processes that affect biogeochemical cycling in lakes, including the 
rates of metabolic processes. The timing of the start of a statistically significant DSTR in spring showed a strong 
dependence on altitude, a much weaker dependence on latitude, but no dependence on any other predictor variable 
tested. The timing of the end of a statistically significant DSTR in autumn showed no dependence on any of the predictor 
variables tested. Because the start of a statistically significant DSTR is dependent on altitude but its end is not, its duration 
is also dependent on altitude. Because the start of a significant DSTR is related to the onset of thermal stratification, the 
results suggest that the altitude of a lake will affect the timing of the onset of thermal stratification and its duration.  
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Introduction
Lake surface water temperature (LSWT) is a key variable 
of major ecological significance and, of all lake variables, 
is affected most directly and most immediately by 
climatic forcing. Thus, fluctuations in LSWT can be 
viewed as representing the primary physical response of a 
lake to climatic forcing (Livingstone et al. 2005). LSWT 
also plays an important role in regulating several 
physical, chemical, and biological processes within lakes, 
including those that determine species distribution 
(Magnuson et al. 1979). Furthermore, metabolic rates, 
which control both the supply of resources and the 
demand for them, are often strongly temperature-depend-
ent, as are many other aspects of aquatic ecosystem 
functioning (e.g., Regier et al. 1990). 
Via local weather, LSWT is strongly influenced by 
large-scale climatic forcing (e.g., Livingstone and Dokulil 
2001). The main meteorological variables that influence 
LSWT are air temperature, cloud cover, wind speed, and 
relative humidity (Edinger et al. 1968), and of these 
variables, air temperature is often considered the most 
important (Henderson-Sellers 1988). Air temperature is 
not only involved causally in the emission of long-wave 
radiation from the atmosphere and in the exchange of 
sensible and latent heat across the lake surface (see 
Woolway et al. 2015a), but is also strongly correlated with 
other meteorological variables that influence LSWT 
(Livingstone and Padisák 2007). 
While the variability in LSWT is well understood, less 
is known about the diel surface temperature range (DSTR). 
The DSTR is important because it is expected to have im-
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plications for many processes that affect biogeochemical 
cycling in lakes, including the rates and equilibrium 
positions of chemical reactions (Stumm and Morgan 1996) 
and the rates of metabolic processes (Brown et al. 2004). 
Although the DSTR is likely influenced by the same 
primary factors that influence LSWT (e.g., Woolway et al. 
2015b), until recently the absence of relevant data of suffi-
ciently high temporal resolution has made it difficult to 
identify unambiguously the independent effects of these 
primary factors on the DSTR. 
Recently, based on data from various lakes on 3 
continents, the magnitude of the DSTR was shown to vary 
temporally, being greatest in summer, when the upper 
mixed layer is comparatively thin and the amount of 
surface heating is high, and much lower in winter and early 
spring, when the lakes are vertically mixed (Woolway et al. 
2014). Furthermore, the statistical significance of the 
magnitude of the diel cycle was also shown to vary 
throughout the year, being low in winter and high in 
summer, when the start of a statistically significant diel 
cycle at the P < 0.001 level coincides with the onset of 
thermal stratification. We analysed LSWT measurements of 
high temporal resolution from 16 Scottish Highland lochs 
to investigate the dependence of the start (Tstart), end (Tend), 
and duration (ΔT = Tend  – Tstart) of a statistically significant 
DSTR on various specific characteristics of the lochs. 
Study sites
Our study sites were 16 lochs in the Grampians and the 
Northwest Highlands of Scotland, located between 520 and 
790 m a.s.l. (Fig. 1, Table 1). Their surface areas ranged 
between 1.89 × 104 and 3.11 × 105 m2 (Table 1). LSWT 
was measured every 90 min in each of the lochs using 
miniature thermistors with integrated data loggers (8-TR 
Minilogs, Vemco Ltd., Shad Bay, Nova Scotia, Canada) 
located ~5 cm below the water surface (Livingstone and 
Kernan 2009). Sampling in most of the lochs extended 
from October 2000 to October 2001, yielding a full annual 
cycle. Because this investigation focuses on the influence 
of specific characteristics on Tstart, Tend, and ΔT, we limit the 
data period to one specific year. Thus, for this investiga-
tion, only data from 2001 were used. 
Methods
The DSTR was calculated as the difference between the 
daily maximum and daily minimum LSWT. The statistical 
significance of the DSTR was evaluated with wavelet 
analysis using the MATLAB functions of Torrence and 
Compo (1998). The continuous wavelet transform (CWT) 
was used to provide an estimate of the spectrum of the 
LSWT as a function of time. As in Woolway et al. (2014), 
the continuous Morlet wavelet transform was used as the 
wavelet base function, and the data were padded with zeros 
to the next power of 2 to minimize bias associated with 
edge effects. The cone of influence, which reflects the loss 
in statistical power that occurs near the beginning and end 
of a time series, was also computed, and the wavelet coeffi-
cients within the cone of influence were excluded from the 
analysis. Prior to computing the wavelet spectra, the LSWT 
time-series were normalized to zero mean and unit variance. 
Significant features of the spectra were determined by 
comparing the spectra to a red-noise background spectrum 
(Torrence and Compo 1998). In addition, the global wavelet 
transform (GWT), which is similar to a traditional power 
spectrum, was computed to identify the dominant frequency 
components in the entire LSWT time series and to quantify 
the overall dominance of the diel cycle. The GWT was 
corrected to rectify scale bias (Liu et al. 2007). 
The start of a significant DSTR, Tstart, was defined 
following the methods of Woolway et al. (2014) as the time 
when the power of the wavelet signal became significant 
(as shown by the wavelet transform). To avoid the detection 
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Fig. 1. Grampians and Northwest Highlands of Scotland with locations of the 16 lochs investigated. 
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of transient stratification events, in all cases we defined the 
start of a significant DSTR as occurring only when the 
criterion mentioned was maintained for a period of at least 
48 hours (Woolway et al. 2014). Similarly, Tend  was 
defined as the time when the power of the wavelet signal 
was last significant. The duration of a significant DSTR, 
ΔT, was then calculated as the difference between Tstart  and 
Tend. Further details on the method used to determine  Tstart 
by wavelet analysis can be found in Woolway et al. (2014).
Results
The LSWT of each loch varied substantially throughout 
the deployment period, often fluctuating below 2 °C in 
winter and above 10 °C in summer (Fig. 2a). Calculated 
DSTRs also varied throughout the deployment period, with 
the maximum DSTR varying from below 2 °C in January 
2001 to above 6 °C in May 2001 (Fig. 2b); however, this 
effect varied noticeably from loch to loch (Fig. 2b).
The seasonal evolution and statistical significance of 
the DSTR were evaluated for each loch by computing the 
wavelet spectrum of the LSWT time series. Using Loch 
Toll Lochan as an example (Fig. 3), the DSTR first became 
a statistically significant (P < 0.001) feature of the wavelet 
spectrum in March 2001 (day of year 73). Furthermore, the 
DSTR returned to being nonsignificant during September 
(day of year 265), resulting in a ΔT of approximately 190 
days (Table 2). There was also high power at longer periods 
(e.g., 6–20 days) during summer, indicating the presence of 
synoptic-scale signals. The wavelet powers at these periods 
were nonsignificant at the annual scale, however, as 
illustrated by the GWT (Fig. 3). The LSWT wavelet 
spectra computed for the remaining 15 lochs also revealed 
a strong diel signal that was significant during summer but 
not significant during winter. Durations of Tstart, Tend, and 
ΔT, as calculated from the wavelet spectrum, varied greatly 
among the lochs, however, with Tstart, differing by up to 67 
days and Tend by up to 38 days (Table 2).
Using a linear regression model, we found that altitude 
best explained the difference in Tstart among the lochs (Fig. 4a). 
The relationship was statistically significant (r2 = 0.86) at the 
P < 0.001 level. Based on this linear regression model, Tstart 
was estimated to have been about 20 days later for each 100 
m increase in altitude. To investigate further the influence of 
other potential predictor variables, a regression analysis was 
performed on the residuals of the regression (Fig. 4a). At the P 
< 0.01 level, the residuals showed no significant linear 
dependence on longitude, surface area, or maximum depth; 
however, the residuals of the linear regression showed a 
significant correlation with latitude (P < 0.05, r2 = 0.32). Thus, 
both altitude and latitude have an influence on Tstart in these 
lochs, although the influence of altitude is by far the greater.
Site Code Loch name φ (°N) λ (°W) A0 (m2) h (m) zm (m) Retrieval date
SC0180 Loch Toll Lochan 57.4955 4.9549 75500 520 14 15 Nov. 2001
SC0197 Loch a’ Choire Dhairg 58.1993 4.9764 42200 530 11.5 11 Nov. 2001
SC0211 Loch Bealach na h-Uidhe 58.185 4.9536 29000 530 3.5 10 Nov. 2001
SC0067 Loch Coire na Caime 57.5659 5.4759 32100 530 5.1 18 Oct. 2001
SC0349 No name 58.4169 4.5953 38200 530 7.3 10 Nov. 2001
SC0068 Loch Bhuic Moir 57.2785 5.4481 35500 540 7.8 11 Oct. 2001
SC0165 Loch a’ Mhadaidh 57.7126 5.0244 311000 570 46 13 Nov. 2001
SC0010 Lochan Bac an Lochain 56.7233 5.6569 17600 590 4.3 9 Oct. 2001
SC0076 Loch Coire Mhic Fhearchair 57.5912 5.445 100500 600 24 18 Oct. 2001
SC0191 Loch Carn a’ Chaochain 57.2203 4.9154 22900 660 5 8 Oct. 2001
SC0204 Lochan a’ Chnapaich 57.8098 4.9356 56000 690 8.8 12 Nov. 2001
SC0108 No name 57.1429 5.2871 18900 720 8.1 12 Nov. 2001
SC0172 No name 56.7468 4.9041 93200 740 9.1 10 Oct. 2001
SC0189 Loch an Fhuar-thuill Mhoir 57.4524 4.9365 53600 770 15 1 Nov. 2001
SC0386 Loch nan Eun 56.885 3.5382 144600 790 10 1 Oct. 2001
SC0399 Lochnagar 56.9591 3.2313 98900 790 24 8 Oct. 2001
Table 1. General characteristics of the 16 lochs in which lake surface water temperature (LSWT) were measured in 2001, shown in order of 
ascending altitude. Shown are the names of each loch and the site codes employed in previous studies (Kernan et al. 2009, Livingstone and 
Kernan 2009), along with the altitude above sea level of the surface of the lochs (h), their latitude (φ), longitude (λ), surface area (A0), and 
maximum depth (zm). All thermistors were deployed before 1 January 2001; the dates of their retrieval in 2001 are listed. Data from Livingstone 
and Kernan (2009). See Fig. 1 for the locations of the lochs.
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Using the same approach as described above to 
investigate the dependence of Tend on altitude revealed only a 
weak relationship between the two (P < 0.1, r2 = 0.04; 
Fig. 4b). Similarly, Tend showed no strong relationship with 
any of the other predictor variables (latitude, longitude, area, 
or maximum depth). Although the highest coefficient of de-
termination (r2 = 0.15) was found between Tend and longitude, 
this relationship was not statistically significant (P > 0.1). 
Because Tstart was strongly dependent on altitude but 
Tend  was not, ΔT was also strongly dependent on altitude 
(r2 = 0.70, P < 0.001; Fig. 4c). None of the remaining 
predictor variables (latitude, longitude, area, or maximum 
depth) were significantly correlated with the residuals of 
this linear regression; thus, differences in altitude alone 
were able to explain significantly the observed differences 
in ΔT. Based on this linear regression model, ΔT was 
estimated to have been about 23 days longer for each 
100 m increase in altitude (Fig. 4c).
Discussion
Based on LSWT data available from 16 Scottish lochs in 
2001, the results presented here indicate clearly that the 
time of year Tstart at which the DSTR became statistically 
significant (i.e., when LSWT became a statistically 
significant feature of the wavelet spectra at diel timescales) 
was dependent on altitude. This relationship is explained by 
the association between altitude, surface air temperature, 
LSWT, the timing of the onset of thermal stratification, and 
the DSTR. In mountain areas in summer, surface air 
temperature decreases approximately linearly with 
increasing altitude (Tabony 1985), as does LSWT 
(Livingstone et al. 1999, Šporka et al. 2006). Therefore, 
because Tstart is related to the onset of thermal stratification 
(Woolway et al. 2014) and the onset of thermal stratification 
is related to LSWT and surface air temperature (Demers 
and Kalff 1993, Woolway et al. 2014), the relationship 
between Tstart and altitude is not unexpected. 
Altitude is not the only factor that may influence LSWT 
and the DSTR. Intrinsic features of the lake can also have an 
effect. Mixing depth, for example, is related to lake size (Fee 
et al. 1996), and for lakes with thinner mixed layers, 
atmospheric heating is concentrated in a smaller volume, 
resulting in a greater DSTR than that experienced by lakes 
with thicker mixed layers (Woolway et al. 2015b). 
Furthermore, larger lakes will stratify later in the year than 
smaller ones in the same region because of greater wind 
exposure, and therefore we would expect  Tstart to be later and 
ΔT to be longer in larger lakes (e.g., Demers and Kalff 1993).
Other factors, such as lake location, might be expected 
to have a noticeable effect on Tstart and ΔT; however, this in-
vestigation suggests that latitude, which affects the mean 
incident solar radiation flux via day-length and insolation, 
Loch name Tstart Tend ∆T
Loch Toll Lochan 73 265 192
Loch a’ Choire Dhairg 75 271 196
Loch Bealach na h-Uidhe 63 271 208
Loch Coire na Caime 66 271 205
SC0349 85 264 179
Loch Bhuic Moir 71 271 200
Loch a’ Mhadaidh 88 266 178
Lochan Bac an Lochain 81 271 190
Loch Coire Mhic Fhearchair 86 272 186
Loch Carn a’ Chaochain 102 264 162
Lochan a’ Chnapaich 114 292 178
SC0108 108 272 164
SC0172 97 267 170
Loch an Fhuar-thuill Mhoir 126 293 167
Loch nan Eun 130 269 139
Lochnagar 113 255 142
Table 2. The day of the year on which a statistically significant 
(P < 0.001) diel surface temperature range started (Tstart) and ended 
(Tend), as well as the duration of this period (ΔT = Tend - Tstart).
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Fig. 2. (a) Near-surface water temperatures (lake surface water 
temperature [LSWT]) measured in the 16 lochs of Fig. 1; and (b) 
corresponding calculated diel range in LSWT (diel surface 
temperature range [DSTR]).
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was the only other variable to have a significant influence 
on Tstart. Furthermore, based on the results of Livingstone 
and Kernan (2009) for the lochs in the current study, both 
LSWT and the timing of the onset of thermal stratification 
might be expected to vary along a west–east gradient. 
Because the westernmost lochs are closer to the North 
Atlantic Ocean, they will be subjected to more maritime 
meteorological conditions than the lochs farther east. The 
westernmost lochs would therefore be expected to be 
warmer and become stratified sooner than the other lochs, 
suggesting that Tstart would occur earlier in the year and ΔT 
would be longer. The difference between the easternmost 
and westernmost lochs included in this investigation was 
2.4° of longitude. At the mean latitude of these lochs 
(57.46°N), this value corresponds to 143.5 km. Including a 
longitude effect, which for these lochs represents a relatively 
large distance, was expected to allow Tstart and ΔT to be 
estimated more accurately; however, the linear regression 
model did not reveal any dependence on longitude.
Here we have shown that Tstart in 16 Scottish lochs 
becomes later with increasing altitude. Because Tstart is a 
good indicator for the onset of thermal stratification 
(Woolway et al. 2014), this finding suggests, in agreement 
with Livingstone and Kernan (2009), that the onset of 
stratification is likely to occur later with increasing altitude, 
although depth-resolved temperature profiles would be 
needed to confirm this. Specifically, this investigation 
suggests that the onset of thermal stratification will occur 
20 days later with every 100 m increase in altitude, a 
finding that has implications for many processes that 
influence ecosystem functioning. For example, the onset of 
thermal stratification has an important influence on lake 
ecology because it separates the processes of production 
and nutrient depletion in the epilimnion from the processes 
of decomposition and nutrient regeneration in the 
hypolimnion and sediment. Furthermore, the development 
of a thin surface mixed layer at the onset of thermal stratifi-
cation increases the amount of light per unit volume 
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Fig. 3. (a) High-resolution near-surface water temperatures (lake surface water temperature [LSWT]) measured in Loch Toll Lochan. (b) Wavelet 
power spectrum of LSWT in Loch Toll Lochan. The solid thick black lines represent significant features of the spectra (P < 0.001), and the thin 
black line represents the boundary of the cone of influence. (c) The corresponding global wavelet spectrum (black line) with its 95% significance 
level (dashed red line).
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Fig. 4. Altitudinal dependence of (a) the timing of the onset of a statistically significant diel cycle in near-surface water temperature (Tstart), (b) the 
timing of the end of a statistically significant diel cycle in near-surface water temperature (Tend), and (c) the duration of a statistically significant 
diel cycle in near-surface water temperature (ΔT) for the 16 lochs. Linear regressions of the statistically significant (P < 0.001) relationships are 
also illustrated.
316
DOI: 10.5268/IW-5.4.854
RI Woolway, DM Livingstone, M Kernan.
© International Society of Limnology 2015
available to phytoplankton (MacIntyre 1993), which can 
influence the spring bloom (e.g., Peeters et al. 2007). Strat-
ification can also influence the role of lakes in the global 
carbon cycle by affecting metabolism and the flux of gases 
between the lake and the atmosphere (Coloso et al. 2011). 
Although we did not find a statistical relationship 
between Tend and any lake-specific characteristic, the 
altitudinal dependence of Tstart suffices nevertheless to 
ensure that altitude is also a strong predictor of ΔT. Note, 
however, that unlike Tstart, which can signal the onset of 
thermal stratification, Tend is unlikely to represent accurately 
the end of thermal stratification because the method of 
Woolway et al. (2014) cannot detect accurately the 
breakdown of thermal stratification owing to the damping 
of the diel signal associated with the gradual deepening of 
the mixed layer that occurs prior to the breakdown of strat-
ification. Nonetheless, the relationship between  ΔT and 
altitude is still likely to have a considerable influence on 
lake ecology, although the ecological implications of the 
DSTR and its variability are yet to be explored. 
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